Abstract. The combination of tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) with other agents has been recognized as a promising strategy to overcome TRAIL resistance in cancer cells. Baicalin (5, 6-dihydroxy-7-o-glucuronide flavone) is a flavonoid from the root of the medicinal herb Scutellaria baicalensis Georgi, which has been reported to exert antioxidant, anti-inflammatory, antiviral and anticancer activities in vitro. However, the effect of baicalin on TRAIL-induced cytotoxicity has not been previously reported. In the present study, the effect of combining TRAIL and baicalin was investigated in non-small cell lung cancer cell lines. The results revealed that baicalin was able to sensitize A549 and H2009 cells to TRAIL-induced apoptosis. This was detected by the potentiation of poly-adenosine-5'-diphosphate-ribose polymerase cleavage and Annexin V-fluorescein isothiocyanate staining of cells co-treated with baicalin and TRAIL. In addition, p38 mitogen-activated protein kinase was activated in baicalin and TRAIL co-treated cancer cells, whereas the p38 inhibitor SB203580 effectively suppressed cell death within the co-treated cells. Butylated hydroxyanisole and N-acetyl-cysteine, known reactive oxygen species (ROS) scavengers, significantly suppressed the potentiated cytotoxicity induced by baicalin and TRAIL co-treatment. The present study is the first, to the best of our knowledge, to demonstrate that baicalin enhances the anticancer activity of TRAIL via p38 activation and ROS accumulation, and may be exploited for anticancer therapy.
Introduction
Tumor necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL) is a potential anticancer agent. Numerous cancer cells have exhibited sensitivity to TRAIL-induced death, which has not been observed in normal cells. TRAIL binds to at least five receptors, including death receptors 4 and 5, which are functional TRAIL receptors. However, decoy receptors 1 and 2, and osteoprotegerin are decoy TRAIL receptors that inhibit the death-inducing activity of TRAIL (1) . The application of TRAIL in cancer therapy is hindered due to TRAIL-associated resistance in cancer cells. The mechanisms of resistance may be associated with the dysfunction of TRAIL-induced signaling and/or high expression levels of anti-apoptotic molecules. TRAIL activates several cellular signaling pathways, including those involving mitogen-activated protein kinases (MAPKs), which result in apoptosis (2) (3) (4) . Combining TRAIL with other agents to modulate these molecules or pathways may help to overcome TRAIL-associated resistance and therefore improve the therapeutic applications of TRAIL (2, 3) .
Scutellaria baicalensis Georgi is a common Chinese medicinal herb, which contains various flavonoids, including baicalin, wogonin, wogonoside, oroxylin A and oroxylin A-7 (5). These flavonoids have various activities. Baicalin (5, 6-dihydroxy-7-o-glucuronide flavone) has been reported to possess a diverse range of pharmacological properties, including antioxidant, anti-inflammatory, antiviral and anticancer activities (6) . Human leukemia, myeloma, breast, lung, bladder and lymphoma cancer cells were potently suppressed by this flavone as reported in previous studies (7) (8) (9) . The molecular mechanisms underlying these effects are thought to involve alterations in oxidation/reduction status, cell cycle inhibition and the induction of apoptosis (6) . However, the effect of baicalin on the anticancer activity of TRAIL has yet to be explored.
Baicalin potentiates TRAIL-induced apoptosis through p38 MAPK activation and intracellular reactive oxygen species production
In the present study, non-small cell lung cancer cell lines A549 and H2009 were treated with the combination of baicalin and TRAIL. Baicalin potently sensitized TRAIL-induced apoptosis of cancer cells via p38 MAPK activation and induction of intracellular reactive oxygen species (ROS) accumulation.
Materials and methods
Reagents. Glutathione S-transferase-TRAIL was purchased from SinoBio Biotech Ltd., (Shanghai, China). Baicalin was purchased from the National Institute of the Control Pharmaceutical and Biological Products (Beijing, China). Z-VAD-FMK was obtained from Calbiochem (EMD Millipore, Billerica, MA, USA). Butylated hydroxyanisole (BHA) and N-acetyl-L-cysteine (NAC) were purchased from Sigma-Aldrich (Merck KGaA, Darmstadt, Germany). 4-(4-fluorophenyl)-2-(4-methylsulfinylphenyl)-5-(4-pyridyl)-imidazole (SB203580) (cat. no. 152121-47-6) was obtained from Gene Operation (Ann Arbor, MI, USA). The JNK inhibitor SP600125 (cat. no. 129-56-6) was from EMD Millipore. The ERK inhibitor U0126 (cat. no. #9903) was from Cell Signaling Technology Inc., (Danvers, MA, USA). CellROX Deep Red reagent was purchased from Thermo Fisher Scientific, Inc., (Waltham, MA, USA). The antibody poly (ADP-ribose) polymerase (PARP; cat. no. AP102) was obtained from Beyotime Institute of Biotechnology, Haimen, China). Anti-p38 MAPK (cat. no. #9212) and anti-phosphorylated-p38 MAPK (Thr180/Tyr182) antibodies (cat. no. #9211) were purchased from Cell Signaling Technology Inc., (Danvers, MA, USA). All of the above antibodies were diluted 1:1,000 in 5% milk. Anti-GAPDH antibody (1:2,000; cat. no. 10494-1-AP) was obtained from Proteintech Group, Inc. (Chicago, IL, USA).
Cell culture. Two non-small cell lung cancer cell lines A549 and H2009 were from the American Type Culture Collection (ATCC, Manassas, VA, USA) and cultured in RPMI 1640 medium (cat. no. SH30809.01; Hyclone; GE Healthcare Life Sciences, Logan, UT, USA) supplemented with 10% fetal bovine serum (Hyclone; GE Healthcare Life Sciences), 1 mmol/l glutamate, 100 U/ml penicillin and 100 µg/ml streptomycin under standard incubator conditions at 37˚C with 5% CO 2 .
Cell death assay. Cells were seeded in a 96-well plate 24 h prior to treatment and were then treated with baicalin, TRAIL alone or in combination for 72 h. Then culture medium from each well was collected and transferred to 96-well flat-bottomed plates. Lactate dehydrogenase (LDH) activity was determined by adding equal volumes of the reaction mixture to each well and incubating for 30 min at 22˚C. The absorbance of the samples was measured at 490 nm using a plate reader (Tecan Infinite F200). Cell death was detected quantitatively via lactate dehydrogenase (LDH) release using a cytotoxicity detection kit (Promega Corporation, Madison, WI, USA) as described previously (10) . All experiments were repeated three to five times; the average is presented in each figure. Cell death was calculated using the formula: Cytotoxicity (%) = (experimental value-spontaneous LDH release) / (maximum LDH release -spontaneous LDH release) x 100%.
Analysis of apoptosis by flow cytometry. Apoptosis was detected by flow cytometry. A549 cells were seeded into a 6-well plate 24 h prior to treatment and were then treated with baicalin (75 µM), TRAIL (30 ng/ml) alone or in combination for 48 h. Subsequently, the cells were double stained with Annexin V-fluorescein isothiocyanate (V-FITC) and propidium iodide (PI) using an Annexin V-FITC Apoptosis Detection kit (Nanjing KeyGen Biotech Co., Ltd., Nanjing, China) according to the manufacturer's protocol. Early apoptosis is defined by Annexin V + /PI -staining (Q4) and late apoptosis is defined by Annexin V + /PI + staining (Q2,) as determined by fluorescence-activated cell sorting (Beckman Coulter, Inc., Brea, CA, USA).
Western blot analysis. A549 cells were seeded in a 6-well plate 24 h prior to treatment and were then treated with baicalin (75 µM), TRAIL (30 ng/ml) alone or in combination for 72 h. Cell extracts were then prepared by lysing cells in M2 buffer [20 mmol/l Tris-HCL (pH 7.6), 0.5% NP-40, 250 mmol/l NaCl, 3 mmol/l EDTA, 3 mmol/l EGTA, 2 mmol/l dithiothreitol, 0.5 mmol/l phenylmethylsulfonyl fluoride, 20 mmol/l β-glycerophosphate, 1 mmol/l sodium vanadate and 1 µg/ml leupeptin] and homogenizing them on ice. The extracts were subsequently incubated on ice for 30 min. Protein concentration was determined using a Bradford protein assay kit (Beyotime Institute of Biotechnology, Haimen, China) according to the manufacturer's protocol. Protein samples (50 µg) were separated by 10% SDS-PAGE. The proteins were transferred to a nitrocellulose filter membrane (Bio-Rad Laboratories, Inc., Hercules, CA, USA) following separation. The membrane was blocked with 5% bovine serum albumin (Sigma-Aldrich; Merck KGaA) in 1X Tris-buffered saline and 0.05% Tween-20 (TBST) for 1 h at room temperature with agitation. The membrane was then incubated with primary antibodies (1:1,000) at 4˚C overnight, after which the membrane was washed three or five times with 1X TBST and was then incubated with the horse radish peroxidase-conjugated goat anti-rabbit immunoglobulin G (cat. no. ZB 2301; 1:2,000; OriGene Technologies, Inc., Rockville, MD, USA) for 1 h at room temperature with agitation. The proteins were visualized by enhanced chemiluminescence (Merck KGaA) using Bio-Rad Image Station (Bio-Rad Laboratories Inc.). Each experiment was repeated at least three times and representative results are shown in each figure.
Detection of ROS. Cells were cultured in 12-well plates overnight and subsequently treated with baicalin (75 µM), TRAIL (30 ng/ml) alone or in combination for 3 h. Cells were then stained for 30 min with 5 µM CellROX Deep Red reagent (Thermo Fisher Scientific, Inc.), washed three times with precooled PBS, and analyzed using a Multiscan Spectrum plate reader (Thermo Fisher Scientific, Inc.). The wavelengths were set as follows: Excitation, 640 nm; emission, 665 nm. All the experiments were repeated at least three times, and representative results are shown in each figure (11,12) .
Statistical analysis. The presented data and results were confirmed in at least three independent experiments and were expressed as the mean ± standard deviation. Student's t-test or one-way analysis of variance and a Tukey's post hoc test were used for statistical analyses. The calculations were performed with SPSS 19.0 statistics software package (IBM Corp., Armonk, NY, USA). P<0.05 was considered to indicate a statistically significant difference.
Results

Baicalin enhances TRAIL-induced cell death in cancer cells.
The present study investigated whether baicalin was able to enhance the anticancer activity of TRAIL in A549 cells. A549 cells were treated with 75 µM baicalin, 30 ng/ml TRAIL alone, or a combination of both for 72 h. Following treatment, cell death was observed microscopically. As demonstrated in the representative images (Fig. 1A) , TRAIL or baicalin alone could induce only limited cell death, compared with the observed increase in cytotoxicity following co-treatment with baicalin and TRAIL. To quantitatively measure cell death, A549 cells were treated with increasing concentrations of baicalin (50-100 µM) and a fixed concentration of TRAIL (30 ng/ml). Cell death was detected using a LDH release assay. While TRAIL alone caused ~20% cell death, baicalin synergistically sensitized TRAIL-induced cell death in a dose-dependent manner (Fig. 1B) . The synergism that killed ~90% of cells was detected following treatment with TRAIL and the highest dose of baicalin (100 µM), whereas this concentration of baicalin alone, was responsible for ~30% of cell death. In addition, a similar dose-dependent synergistic effect of baicalin and TRAIL co-treatment was also observed with a fixed baicalin dose (75 µM) and increasing concentrations of TRAIL (Fig. 1C) . To exclude potential cell line-specific biases, the anticancer activity-associated sensitization of TRAIL was further validated in H2009 cells. As expected, a similar dose-dependent synergism with either a fixed concentration of TRAIL or baicalin was observed ( Fig. 1D and E) . These results suggested that baicalin sensitized cancer cells to TRAIL-induced cytotoxicity.
Baicalin enhances TRAIL-induced apoptosis of cancer cells.
Baicalin and TRAIL are able to induce apoptosis (4, 13, 14) . The present study investigated whether the increased cell death observed in lung cancer cells co-treated with baicalin and TRAIL was achieved through the potentiation of apoptosis. A549 cells were treated with baicalin, TRAIL alone or in combination. Subsequently, the cells were stained with Annexin V-FITC and PI; apoptosis was analyzed by flow cytometry. As shown in Fig. 2A , early apoptotic and late apoptotic cell populations were markedly increased with baicalin and TRAIL co-treatment. This finding indicated that the observed increased cell death stems from enhancing apoptosis. Western blot analysis also detected the activation of apoptosis. As depicted in Fig. 2B , the cleavage of the caspase substrate PARP was markedly increased in A549 cells treated with TRAIL and baicalin. As exhibited in Fig. 2C , A549 cells were pretreated with or without Z-VAD-FMK (20 µM) for 1 h, followed by baicalin (75 µM) and TRAIL (30 ng/ml) for 72 h. The enhancement of TRAIL-induced apoptosis by baicalin was significantly suppressed the synergistic cytotoxicity induced by co-treatment with TRAIL and baicalin (P<0.01).
p38 MAPK activation contributes to increased cytotoxicity induced by TRAIL and baicalin co-treatment.
The apoptotic pathway is tightly regulated within the cell through multistep regulatory mechanisms. To investigate the mechanisms underlying increased cytotoxicity induced by baicalin and TRAIL co-treatment, several inhibitors were employed: a JNK inhibitor, SP600125; an ERK inhibitor, U0126; and a p38 inhibitor, SB203580. These inhibitors were used to block corresponding pathways in A549 cells treated with baicalin and TRAIL. The results of the present study revealed that only the p38 inhibitor SB203580 significantly inhibited the increased cytotoxicity induced by baicalin and TRAIL co-treatment; therefore, activation of the p38 pathway may be Figure 2 . Baicalin enhances TRAIL-induced cancer cell apoptosis. (A) A549 cells were treated with baicalin (75 µM), TRAIL (30 ng/ml) or both for 48 h and were then stained with Annexin V and PI followed by flow cytometric analysis. (B) A549 cells were treated with baicalin (75 µM) for 1 h followed by TRAIL (30 ng/ml) treatment for various durations as indicated. PARP was detected by western blotting. GAPDH was detected as an input control. (C) A549 cells were pretreated with or without Z-VAD-FMK (20 µM) for 1 h, followed by baicalin (75 µM) and TRAIL (30 ng/ml) for 72 h. Cell death was measured using a lactate dehydrogenase release assay. Data are presented as the mean ± standard deviation.
★★ P<0.01. PARP, poly-adenosine-5'-diphosphate-ribose polymerase; PI, propidium iodide; TRAIL, tumor necrosis factor-related apoptosis-inducing ligand.
involved (Fig. 3A and data not shown) . Consistently, whereas baicalin or TRAIL alone weakly activated p38, baicalin and TRAIL co-treatment markedly activated p38 (Fig. 3B) , which could be suppressed by SB203580 (Fig. 3C) . Altogether, these results suggested that the cytotoxic synergy of baicalin and TRAIL combination may be mediated by p38.
ROS accumulation contributes to the synergistic cytotoxicity induced by baicalin and TRAIL co-treatment.
Since flavonoids affect cellular ROS status and excessive ROS are cytotoxic to cells, the role of ROS in baicalin and TRAIL-induced synergistic cytotoxicity was examined. ROS scavengers BHA and NAC were applied to A549 cells as a pretreatment prior to co-treatment with baicalin and TRAIL. The result demonstrated that BHA and NAC effectively suppressed the synergistic cytotoxicity in A549 cells co-treated with baicalin and TRAIL (Fig. 4A) . The combination of baicalin and TRAIL induced significant (Fig. 4B) ; however, BHA and NAC effectively suppressed ROS accumulation (Fig. 4C) . However, the ROS scavengers had little effect on p38 activation (data not shown), suggesting that p38 and ROS may be independently involved in cell death caused by baicalin and TRAIL co-treatment.
Discussion
TRAIL is considered the most promising therapy within the TNF family for anticancer treatment, as it selectively induces death within tumor cells but not in normal cells (15) . The combination of TRAIL with conventional chemotherapy drugs or radiotherapy can enhance cytotoxicity toward cancer cells. Previous studies have demonstrated that alone baicalin has numerous anticancer activities (7) (8) (9) .
In the present study, whether baicalin could effectively potentiate TRAIL-induced cytotoxicity in cancer cells was examined. Treating cancer cell lines with baicalin and TRAIL resulted in synergistic cytotoxicity in a dose-dependent manner. Furthermore, the synergistic cytotoxicity induced by baicalin and TRAIL was revealed to be due to increased apoptosis, as determined by Annexin V staining, detection of PARP cleavage and cell death inhibition by the pan-caspase inhibitor Z-VAD-FMK.
The involvement of p38 and ROS in baicalin and TRAIL-induced cell death was subsequently investigated. It is known that MAPKs, including p38, serve an important role in drug response during cancer chemotherapy (16) (17) (18) . It was demonstrated in the present study that p38 MAPK was significantly activated in TRAIL and baicalin co-treated cancer cells; however, the p38 inhibitor SB203580 was able to suppress increased cell death. ROS are important modulators of cellular signaling for apoptosis. Baicalin and TRAIL co-treatment significantly induced ROS accumulation, whereas ROS scavengers BHA and NAC markedly suppressed the potentiated cytotoxicity caused by baicalin and TRAIL co-treatment. Consistently, our previous study demonstrated that wogonin, another important component of S. baicalensis Georgi, activates ROS to promote TRAIL-induced apoptosis (13) . It is also known that the activation of p38 is often mediated by ROS (19) (20) (21) (22) . However, the results of the present study revealed that baicalin and TRAIL-induced activation of p38 is independent of ROS.
Therefore, the present study demonstrated that baicalin could be used as a potential TRAIL sensitizer for cancer therapy by regulating ROS degradation and the p38 MAPK signaling pathway. Further studies are required to elucidate the mechanisms of the ROS and p38 MAPK pathway interaction in baicalin and TRAIL-induced cell death. The results of the present study add to the knowledge of the anticancer value of these naturally occurring compounds and indicate novel therapeutic targets for lung cancers.
